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Objectives. Our objective was to determine whether catheter- 
ization data obtained after a fenestrated Fontan operation influ- 
enced patient management or predicted functional status. 
Background. Cardiac catheterization after a fenestrated Fun- 
tan operation is undertaken to identify residual lesions and to 
observe the patient's response to test occlusion of the base 
fenestration. 
Methods. Sixty patients undergoing both a fenestrated Fontan 
operation before July 1991 and a postoperative catheterization 
before March 1992 were included in the study. Catheterization 
data were collected according to a test occlusion protocol; these 
data were reviewed, and the patient's clinical status at follow-up 
was ascertained, 
Result. Test occlusion resulted in a significant increase in 
systemic venous pressure, arterial oxygen saturation and artcrio- 
venous difference in oxygen content (p < 0.0001). After test 
occlusion, systemic venous pressure was 40% higher and systemic 
venous saturation 23% lower among patients with an unfavorable 
versus a favorable response to test occlusion, although differences 
between the two groups were subtle or inapparent in the baseline 
state. Branch pulmonary artery stenosis (identified and balloon 
dilated in 6 patients) and grade 2 or 3 aorfupulmonary collateral 
vessels (identified and coil embolized in 20) were associated with 
elevation in systemic venous pressure (p < 0.01). After an average 
of 2 years of follow-up, there were no deaths, and 50 (83%) of 60 
patients were in New York Heart Association functional class I. 
The only postoperative characteristic significantly associated with 
being in functional dass I at follow.up was a systemic venous 
pressure <17 mm Hg. 
Conclusions. Cardiac catheterization with test occlusion of the 
interatrial communication provides useful information after a 
fenestrated Fontan operation. Conditions associated with elevated 
systemic venous pressure should be sought and treated, and the 
response of systemic venous pressure to test occlusion should be 
considered when deciding whether to close an interatrial commu- 
nication. 
(J Am Coil Cardio11995;25:1712- ) 
The creation of an atrial level right-to-left shunt as part of a 
Fontan operation (i.e., an adjustable atrial septal defect or a 
baffle fenestration) (1,2) is based on the premise that it will 
result in increased cardiac output (at the expense of oxygen- 
ation) when there are impediments to pulmonary flow and that 
such impediments may be reversible. Postoperatively, cardiac 
catheterization is undertaken to identify conditions that are 
poorly tolerated in patients with "Fontan physiology"' and to 
test occlude the fenestration and observe the hemodynamic 
result. Because cardiac atheterization is associated with both 
risk (albeit low) and financial cost, it is reasonable to ask 
whether this added intervention is warranted. The present 
study was undertaken to address the following questions: 1) 
Does test occlusion of the bate fenestration yield useful 
information about patients who have had a fenestrated Foutan 
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operation? 2) Does the result of test occlusion predict later 
functional status? 3) Does the postoperative catheterization 
provide any other information that affects patient manage- 
ment? 
Methods  
Patients. Included in this study were all patients who 
underwent a fenestrated Fontan operation at one institution 
and who met the following criteria: 1) surgery performed 
before July 1991 and a postoperative cardiac atheterization 
performed before March, 1992. These dates were chosen so 
that each patient had a minimum of 6 months of follow-up at 
the time the study was undertaken. 2) The decision as to 
whether or not the fenestration was closed was influenced by 
the results of test occlusion. 
The patients were derived from a previously described (3) 
cohort undergoing the fenestrated Fontan operation. Written 
informed consent for cardiac atheterization a d test proce- 
dures was obtained from each patient or from the patient's 
parent(s). Transcatheter f nestration closures were performed 
under a protocol approved by both the institutional review 
board and the Food and Drug Administration. 
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Test occlusion, At the time that hese postoperative studies 
were performed, the fencstrated Fontan procedure was new. 
The procedure for test occlusion and the criteria for assessing 
a patient's response to test occlusion were arbitrarily estab- 
lished as follows: Test occlusion consisted of measurement of 
oxygen consumption, followed by baseline mcasurements of 
the right atria/oxygen saturation, right atrial pressure and 
arterial oxygen saturation with the fenestration open. The 
fenestration was then occluded for 10 rain using a Bcrman 
angiographic catheter, after which test measurements were 
taken at the same sites. If the right atrial pressure xceeded 
18 mm Hg, or thc arteriovenous difference in oxygen satura- 
tion incre,~sed by >33%, or tire right atrial saturation was 
<40%, then the patient was considered tohave an unfavorable 
response to test occlusion, ,and it was recommended that the 
fenestration be left open; otherwise, the test occlusion was 
favorable, and it was recommended that the fenestration be 
closed using the transcathcter celmique. Inmost patients (64 
of 70 catheterizations), these recommendations were followed; 
however, the final decision was left to the catheterizing physi- 
cian to respond to the values obtaincd according to the best 
interest of the patient. For the purpose of this report, assign- 
ment to thc category "favorable response" or "unfavorable 
response" was based on the previous guidclines. All attempts 
to close a fenestration with a device were successful. 
Outcome variables. Outcome variables identified to an- 
swer the questions poscd by the study were as follows: 
1. Baseline and test measuremcnts of gstemic venous 
pressure, systemic venous aturation, arterial oxygen satura- 
tion, arteriovenous difference in oxygen content, calculated 
cardiac index and systemic oxygen transport. 
2. Hemodynamic and anNographic data defining the pres- 
ence or abscnce of residual pulmonary artery distortion, 
obstruction i the Fontau pathway or presence of aortopulmo- 
nary collateral vessels. 
3. New York Heart Association functional c ass at follow-up 
on the basis of infolrnation provided by the child's primaw 
cardiologist orthe patient's or parent's response to a standard- 
ized questionnaire. The physician or parcnt was asked to 
choose from among four descriptions of childhood activity that 
best fit the patient; the description chosen detemdned ftmc- 
tional class. In 59 of 60 patients, information was available 
from both sourccs, and the assiNment of functional c ass was 
the same based on either source. In the one remaining patient, 
functional c ass assignment was based on information provided 
by the primary cardiologist alone. The date of last follow-up 
was taken as either the date of the once visit or the date on 
which the questionnaire was filled out, whichcvcr date was 
more recent. 
4. Hemodynamic variables representing the patient's status 
at the end of postoperative catheterization, thepatient's age at 
operation and duration of follow-up (as predictors of subse- 
quent functional status). 
Statistical methods. Results were compared using the Wii- 
coxon signed rank and rank sum tests and chi-square analysis, 
as appropriate. Where comparison is made between patients in 
whom test occlusion failed and those in whom it succeeded, the 
~idclincs described previously were used to assign the cate- 
gory. For these univariate comparisons, p = 0.008 (derived 
ushag the Bonfermni correction) was considered significant. 
Logistic regression was performed using Stata software (Com- 
puting Resource Center) to assess the predictive value of 
hemodynamic and other variablcs for subsequent functional 
status. The dependent variable was functional c ass; class I - 1, 
and class i1 or higher = 0. Independent variables werc age at 
operation, duration of follow-up and final systemic venous 
pressure, arterial oxygen saturation and systemic arteriovenous 
difference in oxygen content measurcd at the postoperative 
cardiac catheterization. A p value <0.05 was considered 
significant. 
Results 
si×ty patients (70 cardiac atheterizations) met the study 
criteria. Patients ranged in age from 10 months to 22.5 years 
at the time of operation (median age 4.5 years). The clinical 
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Table 1. Hcmodynamic Results of Test Occlusion in All 60 Patients (70 cardiac atheterizahious) 
Fenestration Fenestration p Direction fChange 
Open (baseline) Closed (test) Vainc With Test Occlusion 
Systemic venous pressure (ram Hg) 12.4 (3.3) 14.0 (3.8) 0.0001 Increased in 48, 
decreased in 10, 
unchanged in 12 
Systemic venous saturation (%) 55 (1O) 52 (13) 0.01 Increased i~ 27, 
decreased in 41, 
unchanged in 2 
Arterial O 2 saturanon (%) 85 (6) 92 (5) Ih0001 Increased in 66, 
decreased in 2, 
unchanged in 2 
Arterial-venous difference in 02 57.0 (14.5) 75.8 (22.9) 0.0001 Increased in 55, 
content (mh'liter) decreased in 12, 
unchanged in 3 
CaNine index (liteedmin per m ~) 2.7 (0,9) 2.1 (0,9) 0.01101 Increased in 10: 
decreased in 57, 
unchanged in 3 
Systemic 02 transport (ml,,min per m a) 442,4 (142.0) 375,0 (152.7) 0,0001 Increased in 16, 
decreased in 54 
Data presented are mean value (SD). 
outcomes of these patients are shown in Figure 1. At the 
most recent follow-up, 58 of 60 patients had a closed 
fenestration. 
There were no complications associated with the diagnostic 
cardiac catheterization, including the test occlusion. Compli- 
cations of transcatheter fenestration closure have been previ- 
ously reported (1,3,4). 
Results of test occlusion. Table I shows the hemodynamie 
response to test occlusion among the 60 patients (70 catheter- 
izations). Significant increases in systemic venous pressure, 
arterial oxygen saturation and artefiovenous differen~ in 
oxygen content, as well as significant decreases incardiac index 
and systemic oxygen transport occurred with test occlusion. 
Values obtained after test occlusion me shown in Table 2 
and compared between patients with a favorable response to 
test occlusion (49 procedures) and those with an unfavorable 
response to occlusion (21 procedures). Differences between 
the two groups in systemic venous pressure, systemic venous 
saturation, aortic saturation and arteriovenous difference in 
oxygen content are all significant. 
With the benefit of hindsight, the baseline data for those 
who would subsequently have a successful test occlusion and 
those who would subsequently have an unfavorable response 
can be compared, as shown in Table 3, At baseline, those 
patients who would respond unfavorably to test occlusion had 
a higher .systemic venous pressure and lower arterial oxygen 
saturation than those who would have a favorable response to 
test occlusion. However, as shown in Figure 2, there is sub- 
stantial overlap between the two groups. The two groups are 
indistinguishable with regard to systemic venous saturation, 
arteriovenous difference in oxygen content, cardiac index and 
systemic oxygen transport at baseline. 
Other information acquired at cardiac catheterization. 
Anastomotic obstruction, branch pulmonary artery stenosis 
and aortopulmonary collateral vessels, winch, when injected 
with dye, resulted in grade 2 or 3 opacificafion of the pulmo- 
nary arteries or pulmonary venous atrium (5) were all consid- 
ered to be conditions that mi~t contribute to poor outcome 
after a Fontan operation and were sought at cardiac catheter- 
ization in all patients. No patient had anastomotic obstruction. 
Branch pulmon~ artery stenosis was identified both angio- 
graphically and by the presence of a pressure gradient that was 
Table 2. Comparison of 70 Tcst Measurements (fenestration closed) in 60 Patients: CompmJson of
Patients With a Favorable Versus Unfavorable Response to Test Occlusion 
Pts With Favorable Pls With Unfavurablc 
Response Response p 
(n = 49) (n 21) Value 
S~,stemic venous pressure (ram Hg) 12.5 (2.7) 175 (3.8) 0.0001 
Systemic venous saturation (%) 56 (9) 43 (16) 0.003 
Arterial O e saUlration (%) 93 (3) 88 (7) 0.002 
xh'teriovenous difference in 0 z euntcnt 70.4 (17.3) 87.3 (29) 0.006 
(ml, iter) 
Cardiac index (litcrs/nfin per m 2) 2.2 (0.7) 2.1 (1.2) 0.2 
Systemic 02 transpurt (ml,'ntin per m ~-) 381.1 (118.6) 362,2 (210,6) 0,2 
Data presented are mean value (SD). Pts patients. 
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Table 3. Comparison of70 Baseline Measurements in 60 Patients: Comparison ofThose With a 
Subsequently Favorable Versus Unfavorable Response to Test Occlusion 
Pts With Subsequently Pts With Subsequently 
Favoeable Response Unfavorable Response p 
(o - 49) (n = 21) Value 
~stemic venous pressure (ram Hg) 113 (2.7) 14.7 (3.5) 0.0001 
Systemic venous saturation ($I) 58 (8) 51 (t2) 0.03 
Arterial O2 saturation (%) 86 (5) 81 (7) 0.005 
Arterial-venous di~ereace hi Oa 55.1 (12.8) 61 (I7.2) 0.12 
coutuat (nSqiter) 
Cardiac index (litursmiin per m 2) 2.7 (0.8) 2.7 (1.1) 0.6 
Systemic O z transport (mh'min per m 2) 445.5 (131.4) 435.7 (165.1) 0.7 
Data presented are mean value (SD). Pts = patients. 
identified and successfully balloon dilated in six patients. 
Aortopulmonary collateral vessels were identified and coil 
cmbolized in 20 patients. In patients undergoing these trans- 
catheter interventions, test occhtsion was routinely performed 
before, but not necessarily after, the intervention. However, 
systemic venous pressure was measured before intervention i
all patients and was slightly higher in patients with than 
without aortopLdmonary collateral vessels or pulmonary artery 
stenosis (13 vs. 11 mm Hg, p < 0.0l). Of 14 patients who did 
not undergo transcatheter fenestration closure because of 
unfavorable r sponse of test occlusion, 5 had coil cmbolization 
of aortopulmonary collateral vessels, and 3 had dilation of 
branch pulmonary artery stenosis. All eight patients howed 
subsequent hemodynamic improvement, and had the fenestra- 
tion closed at a later cardiac atheterization. 
Functional status at follow-up, Information regarding 
functional status was available for all patients in the study. The 
median fullow-up interval was 2 years (range 11 months to 3.6 
years), measured from the date of operation, and 1.8 years 
Figure 2. Comparison ofsystemic venous pressure measured atpost- 
operative cardiac atheterization n patients with a favorable versus 
unfavorable rcs muse to test occlusion. See text for details. 
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(range 6 months to 3.4 years), measured from the date of 
postoperative cardiac catheterization. There were no deaths 
during the follow-up period. Among the 60 patients, 50 (83%) 
were in functional class I, and 10 (17%) were in class II. 
Logistic regression was used to assess the relation between 
functional class at follow-up and the following variables: age at 
operation, hcmodynamic variables measmed at the end of the 
postoperative catheterization (i.e., measurements taken w-ith 
the fenestration dosed if they left the catheterization labora- 
tory with the fenestration dosed and measurements taken with 
the fenestration open if they left the catheterization laboratory 
with the fenestration open); and duration of follow-up. Of 
these, only right atrial pressure measured at the end of the 
postoperative catheterization was significantly predictive of 
subsequent functional class; a higher right atrial pressure 
decreased the fikelihood of being in functional class I (p = 
0.03). Patients with a right atrial pressure _<16 mm Hg were 
significantly more likely to be in functional class I at follow-up 
than those with a right atrial pressure >16 mm Hg (chi square 
6.06, p - 0.014). 
Figure 3 shows the relation between systemic venous pres- 
sure with an open or dosed fenestration on the basis of 70 
Figure 3. Relation between systemic venous pressure measured with 
the baffle fenestration pen and occluded. See text for details. 
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observatious. There were 34 patients with a systemic venous 
pressure <12 mm Hg with the fenestration open and 
-<16 mm Hg with the fenestration occluded. Four patients had 
a systemic venous pressure ->18 mm Fig with thc fcncstration 
open and >16 mm Hg with the fenestration occluded. Of 32 
paicnts in whom the systemic venous pressure was between 13 
and 17 mm Hg with the fenestration open, occlusion resulted 
in a systemic venous pressure >16 mm Hg in 14 and 
<16 mm Hg in 18. Thus, for patients with a baseline systemic 
venous pressure >12 and <18 mm Hg, the increase in systemic 
venous pressure with test occlusion could not reliably be 
predicted frmn the baseline systemic venous pressure. 
Of the 10 patients in functional class I/, only two had an un- 
favorable r sponse to test occlusion on the basis of our arbfira~ 
criteria. However, if an upper limit for systemic venous prcssurc 
of 16 mm Hg rather than 18 Iron Hg had been used, then 5 of the 
10 patients in functional c ass H would have been considercd as 
having had mr unfavorable r sponse to test occlusion. Cardiovas- 
cular conditions present in these patients may contribute to their 
suboptimal functional outcome, including moderate to severe 
ventricular dysfunction i  four, elevated pulmonary vascnla 
resistance in two, atrial flutter in one and persistent junctional 
rhythm in one. There is no objective vidence of cardiovascular 
dysftmction in the remaining two patients. 
Discussion 
Test occlusion has been an integral part of the fencstratcd 
Fontan operation since its introduction (6). The results of test 
occlusion in the 60 patients in the present report confirm the 
premises on which this modification of the Fontan operation is
based; specifically, that a patent bane fenestration results in a 
lower systemic venous pressure and higher cardiac index. 
These results are consistent with previous tudies (7,8). 
Using the response to test occlusion to choose for or against 
continued cyanosis. Although patients with an unfavorable 
response to test occlusion had a higher systemic venous 
pressure and lower systemic venous and arterial oxygen satu- 
rations at bascline, in ~50% the patients these differences 
were not large enough to predict he response to test occlusion. 
Baseline measmvs that reflect cardiac index were not demon- 
strably different in the two groups. Test occinsion rcvcated 
differences that were subtle or not apparent in the baseline 
state. 
Elevated systemic venous pressure after a Fontan operation 
is associated with poor operative outcome (9-12). Our findings 
indicate that systemic venous pressure mcasured at postoper- 
ative cardiac catheterization may predict subsequent func- 
tional status as well. Because levated systemic venous pres- 
sure may have many causes (e.g., elevated pulmonary vascular 
resistance, diastolic ventricular dysfunctiun mr systemic volume 
overload), it is not surprising that it is a sensitive but nonspe- 
cific indicator of cardiovascular dysfunction after a Fontan 
operation. Systemic veunus pressure increased with test occlu- 
sion in >67% of the patients in our study. This increase could 
not be predicted from the baseline systemic venous pressure in 
-50% of the patients. Test occluaiun would thus appcar to be 
a useful tool far choosing between continued cyanosis (which 
results from an open fenestration) and higher arterial oxygen 
saturations with some degree of measured hcmodynamic com- 
promise (which results from dosing the fenestration). If test 
occlusion results in an increase in systemic venous pressure to 
>16 mm Hg, it seems pnnlent o leave the fenestration open, 
whereas alleviation of cyanosis probably advantageous if test 
occlusion is associated with a low or unchanged systemic 
venous pressure. 
The decision to close the fenestration i  patients with a 
favorablc response to test occlusion was based on the assump. 
tion that he benefits of higher oxygen saturations outweigh the 
disadvantages of a small decrease in cardiac output and small 
increase in systemic venous pressure. This bias on our part is 
reflected in the finding that no patients with a favorable 
response to test occlusion were left with the fenestration open, 
six with an unfavorable response to test occlusion had the 
fenestration dosed. Adolescents and adults with ~aunsis are 
commonly symptomatic, with headaches, impaired alertness, 
parasthcsias, fatigue and myalgias (13-15). In addition, pa- 
tients with a fenestrated Fontan operation who have both an 
obligate right-to-left shunt and a tendency to form venous 
thrombi may be at increased risk for cmbolic stroke. For these 
reasons we favor closure of the fenestration when the hemo- 
dynamic variables are favorable. 
Residuallesions and transcatheter intervention. We found 
and treated residual pulmonary artery stenosis in 10% of our 
patients and grade 2 or 3 aortopulmonary collateral vessels in 
33%. Branch pulmonary artery- stenosis is an acccpted risk 
factor for patients having a Fortran operation (16,17). The 
clinical importance of aortopulmonary collateral vessels in 
patients undergoing a Fontan operation is less dear. It stands 
to reason that aortopulmona13, collateral vessels that compete 
successfully with anterograde pulmonary flow are likely to 
result in increased pulmonary vascular esistance and thus 
have detrimental effects after a Fontan operation. Elimination 
of these collateral vessels reduces ineffective pulmonary flow 
and voinmc loading an the single ventricle. Treidman et ah 
(18), in a study that included some of the patients from the 
present report, fuund that 37% of patients who had undergone 
a Glenn or Fontan operation had aortopulmonary collateral 
vessels arising from the chest wall. In patients undergoing a
Fontan operation, the presence of aortopnlmonary collateral 
vessels was associated with significantly ower arterial oxygen 
saturations (presumably due to increased right-to-left shunting 
at the level of a bane fenestration). We find that they are 
associated with slightly higher systemic venous pressure as 
wall. On the basis of currently available data, we consider it 
advantageous to eliminate angiographically important aorta- 
pulmonary collateral vessels. 
Limitations of the study. Although there is a precedent for 
usc of functional class to assess functional status atter a Fontan 
operation (19,20), it is at best a seminbjective method of 
assessment. I  is unlikely to be sensitive nough to detect 
abnormalities in very young patients. This may account for the 
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failure to demonstrate an association between variables re- 
flecting cardiac performance (systemic venous oxygen satura- 
tion, arteriovenous difference in oxygen content, cardiac index 
or systemic oxygen transport) and subsequent functional 
outcome. 
The error introduced by the values used for oxygen con- 
sumption, whether measured using a flowthrough ood or 
assumed on the basis of the tables of LaFarge (21), may be 
substantial, especially in very small children. Systemic venous 
saturation and arteriovenous difference in oxygen content were 
included in the analysis for this reason. 
Finally, although the data presented in the present study 
were collected prospectively, the rammer in which patients 
were selected and treated was subject o physician bias. Thus, 
this study has the limitations inherent in a retrospective study. 
Conclusions. BaNe fenestration results in an increased 
cardiac output and systemic oxygen transport and a decreased 
systemic venous pressure after the Fontan operation. On the 
basis of our current state of knowledge, it seems prudent o 
leave an atrial level right-to-left shunt in patients who are at 
increased risk because of increased pulmonary vascular esis- 
tance, pulmonary artery distortion or ventricular dysfunction. 
Postoperative cardiac catheterization after afenestrated 
Fontan operation is valuable in that anatomic onditions that 
contribute to a poor outcome may be diagnosed and the 
response to test occlusion assessed. Lower (<16 mm Hg) 
systemic venous pressure at the time of postoperative cardiac 
catheterization is associated with better functional status at 
follow-up. The response of systemic venous pressme (as well as 
other hemodynamic variables) to test occlusion should there- 
fore be considered when deciding whether to close a baffle 
fenestration or adjustable atrial septal defect. Future studies 
using objective measures of functional status in these patients 
may provide more insight into the importance of hemodyuamic 
variables measured after the Fontan operation and the relative 
advantages and disadvantages of a persistent atrial level shunt 
over the long term. 
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